Thermophilic and extremely acidophilic archaea have biomembranes that contain unique membrane-spanning cyclic lipids. 1, 2) Because these membranes have high stability and low permeability, their natural cyclic lipids have been considered attractive candidates for use in drug delivery systems and supported membrane biosensor devices. [3] [4] [5] [6] To create novel biomimetic membranes that are more stable than bilayer membranes, we recently developed a new synthetic scheme for the construction of artificial cyclic lipids that mimic archaeal membrane lipids. [7] [8] [9] The structural features of these artificial lipids include (i) a cyclic framework, (ii) amphiphilicity, (iii) ether bonds, and (iv) diacetylenic units. 10, 11) Another significant feature that differentiates our cyclic lipids from ones previously reported 10) is chirality, which can lead to the construction of a more realistic membrane model. These synthetic lipids form various types of self-assembled membranes. [12] [13] [14] [15] A noteworthy structural feature of these lipids is that they are different from those within bilayer membranes because their monolayer structure is of a high molecular order. 12, 13) Recently, we confirmed that a cyclic lipid containing 20-carbon-long alkyl chains (C20) constructs fluid-like membranes over a wide range of temperatures, including room temperature, but its membrane thickness (at most 4.8 nm) is perhaps too thin to accommodate most membrane proteins. 12) If a membrane protein can successfully be reconstituted into a C20 membrane, the resulting membrane should be valuable in studying membrane protein-cyclic lipid interaction. Considering this, we chose bacteriorhodopsin (bR), a membrane protein found in the natural purple membrane (PM) of Halobacterium salinarum, as a model protein, since the thickness of the PM, i.e., 4.9 nm, is quite close to that of the C20 membrane. 16) Although bilayer membranes have a potential to reconstitute membrane proteins, it has been found that reconstitution with maintenance of protein functions is not always achieved. In our new work, we determined the way C20 membranes can successfully accommodate bR, and found that the structure and topology of bR in C20 molecular assemblies are similar to those in the native PMs of Halobacterium salinarum.
Synthesis of C20 has been described by Miyawaki et al. 7) Dispersal of the thin lipid film of C20 in 25 mM phosphate buffer (pH 7.2) by vortex mixing produced an opalescent to optically clear dispersion. The PM, which was isolated and purified from Halobacterium salinarum strain R1M1 using procedures similar to those described by Oesterhelt et al., 17) was suspended in 25 mM phosphate buffer (pH 7.2).
The reconstitution of bR into the C20 vesicles was carried out as follows: After solubilization of the PM with Triton X-100, 18) solubilized bR was collected as supernatant by ultracentrifugation at 105,000 g for 1 h. The supernatant was then mixed with a C20 suspension at a molar ratio of 30/1 of C20/bR and gently stirred for 5 h at 30 C in the dark. Removal of the detergent with Bio-Beads Ò (Bio-Rad, Hercules, CA) produced a purple moderately turbid dispersion. UV-visible absorption measurements using a Beckman Coulter DU-7500 spectrophotometer (Fullerton, CA) of the suspension in the dark showed strong absorption at about 555 nm y To whom correspondence should be addressed. Fax: +81-29-861-4547; E-mail: moto.shibakami@aist.go.jp Abbreviations: bR, bacteriorhodopsin; PM, purple membrane; C20, a cyclic lipid containing 20-carbon-long alkyl chain; DMPC, 1,2-dimyristoylsn-glycero-3-phosphocholine Biosci. Biotechnol. Biochem., 72 (6), [1623] [1624] [1625] 2008 Note with a monotonically decreasing baseline caused by light scattering, similar to the absorption in the bR of the PM, as shown in Fig. 1A . This result, together with the fact that no significant absorption band was observed at about 380 nm, indicates that bR molecules were reconstituted into the membrane assemblies without bleaching. The CD spectrum in the visible region recorded using a JASCO J-820 spectrophotometer (Hachioji, Tokyo), as shown in Fig. 1B , shows a bilobed pattern, which is characteristic of the trimeric structure of the bR in the PM. 19) This result indicates that bR molecules retain a native-like protein structure. The light-induced red-shift and the dark-induced blue-shift of the UV absorption band of the bR in the PM correspond to interconversion between the light-adapted and dark-adapted forms of native bR. 20) A similar spectral change (555 to 565 nm), as shown in Fig. 2 , was observed when the C20/bR assemblies were irradiated with visible light and then kept in the dark, but the absorption maxima of the assemblies differed slightly from those of the native bR. These spectral changes strongly indicate that the light-induced functions of bR are retained in the membranes.
The most characteristic function of bR is its lightinduced proton-pumping. To determine the activity of the bR molecules reconstituted in the cyclic lipid membrane, we measured light-induced pH changes in the water medium with a pH-microelectrode (Horiba F52 pH meter, Kyoto and a Fuji Kagaku Keisoku SE-1700G pH-microelectrode, Mitaka, Tokyo). Milli-Q water was used to prepare the samples for pH experiments. Upon irradiation of the dispersion with visible light (a Xe lamp source with a Y52 filter and heat-cut filter), acidification of the water medium was clearly visible. The pH then gradually returned to a level near the original value after the light was turned off, as shown in Fig. 3 . This indicates that (i) the vesicle successfully formed and (ii) a net outward proton translocation across the membranes occurred. The directional property in proton movement indicates that bR molecules are orientationally reconstituted into C20 membranes with their cytoplasmic domain facing the interior of the molecular assembly. This topology of bR molecules in the vesicles is identical to that in native PM of H. salinarum, while Dencher and Heyn reported that bR molecules are reconstituted into 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) vesicles with the opposite topology. 21 ) Such a topological difference in bR at almost neutral pH between the C20 and DMPC membranes may be attributable to unique physical properties found in the monolayer structure and/or cyclic framework of C20. The reason for the topological difference, however, remains to be understood. Current studies aim to explore the vesicular morphology and to prepare planar membranes on solids as a novel membrane model system. A, UV-visible absorption measurements of the suspension in the dark indicate strong absorption at about 555 nm with a monotonically decreasing baseline, which is similar to the absorption in the bR of the PM. B, The CD spectrum shows a bilobed pattern, which is characteristic of the trimeric structure of the bR in the PM. In dark before irradiation (solid line), under visible light illumination (dotted line), and in dark after light irradiation (broken line). The light-induced red-shift and the dark-induced blue-shift of the UV absorption band of the bR in the PM correspond to interconversion between the light-adapted and dark-adapted forms of the native bR: A similar spectral change (555 to 565 nm) was observed when the C20/bR assemblies were irradiated with visible light and then kept in the dark. Arrows indicate onset and termination of light illumination period. Irradiation of molecular assembly dispersion with visiblelight induced acidification of the water medium. After turning off the light, the pH returned to a level near the original value.
